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Magic and tune-out wavelengths for atomic francium
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6-3 Aramaki-aza Aoba, Aoba-ku, Miyagi 980-8578, Japan
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The frequency dependent polarizabilities of the francium atom are calculated from the available
data of energy levels and transition rates. Magic wavelengths for the state insensitive optical dipole
trapping are identified from the calculated light shifts of the 7s 2S1/2, 7p
2P1/2,3/2 and 8s
2S1/2
levels of the 7s 2S1/2 − 7p
2P1/2,3/2 and 7s
2S1/2 − 8s
2S1/2 transitions, respectively. Wavelengths
in the ultraviolet, visible and near infrared region is identified that are suitable for cooling and
trapping. Magic wavelengths between 600-700 nm and 700-1000 nm region, which are blue and red
detuned with the 7s− 7p and 7s − 8s transitions are feasible to implement as lasers with sufficient
power are available. In addition, we calculated the tune-out wavelengths where the ac polarizability
of the ground 7s 2S1/2 state in francium is zero. These results are beneficial as laser cooled and
trapped francium has been in use for fundamental symmetry investigations like searches for an
electron permanent electric dipole moment in an atom and for atomic parity non-conservation.
PACS numbers: 31.15.ap, 37.10.Jk, 11.30.Er, 37.10.De
I. INTRODUCTION
Radioactive and stable atomic isotopes have been in
use as a tool for studies of nuclear β-decay and for fun-
damental symmetry violation studies such as atomic par-
ity non-conservation (APNC) and searches for a per-
manent electric dipole moment (EDM) and other stud-
ies. Traditionally these experiments were carried out us-
ing particles from a long lived parent nuclei and atomic
beams. Development of laser cooling and trapping meth-
ods produced ultracold atomic samples that resulted in
improved manipulation of the atoms and precision mea-
surements [1]. Specifically, ultracold radioactive samples
produced using the above techniques enabled the rare
species to be used more efficiently and minimization of
the systematic effects. This has been demonstrated with
82Rb [2],21Na [3], 37m,37K [4], and 225Ra [5]. Recent re-
views on the progress and status of these experiments
can be found in [6–9].
Additionally, the optical dipole trapping method of ul-
tracold atoms offers many advantages [10]. To mention,
the feasibility of implementation with various configura-
tions, selection of polarization of the laser in addition to
the blue and red detuning of frequency with respect to the
transition of the atom under investigation. This method
of trapping has been found helpful for β-decay and EDM
studies and the advantage of using cold atoms for these
studies has been discussed [11–13]. The optical dipole
trapping of radioactive 82Rb [14] and 225,226Ra has been
achieved [5, 15]. Further, the ‘magic wavelength’ concept
developed for optical dipole trapping of atoms resulted
in unprecedented improvements in ultracold atom stud-
ies [16, 17]. Here, our interest is in francium (Fr) atom
that is being used for fundamental symmetry violation
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studies, in particular, search for an electron permanent
electron dipole moment [18].
Francium, a radioactive heavy alkali metal is one of
the widely used radioactive atoms for fundamental sym-
metry violation studies. Because of its high Z and other
properties, it is advantageous for studies of atomic parity
violation [19, 20], searches for an electron permanent elec-
tric dipole moment [18] and nuclear anapole moment [21].
It is also one of the most experimentally investigated ra-
dioactive elements in terms of atomic laser spectroscopy:
measurement of energy levels [22–27]; lifetimes [28–32];
and isotope shifts and hyperfine structure [33]. Laser
cooling and trapping of different Fr isotopes has been
achieved by different groups [19, 33–35]. Added to this,
there have been many theoretical calculations of energy
levels, dipole matrix elements, lifetimes of states, isotope
shifts and hyperfine structure and the enhancement fac-
tors for symmetry violation studies [36–45]. This also
supports that Fr is a good candidate for the above men-
tioned studies. Static and tensor dynamic polarizabili-
ties and magic wavelengths of naturally abundant alkali
elements were reported [46–48]. However, there is no
information on ac-Stark shifts (light shifts) and magic
wavelengths for francium atom.
In this paper we report calculated ac-Stark shifts of the
7s 2S1/2 level, 7p
2P1/2,3/2 levels and the 8s
2S1/2 level in
francium. The light shifts are calculated from the avail-
able information of energy levels and transition rates. For
the 7s 2S1/2 − 7p
2P1/2,3/2, D1 and D2 transitions and
the electric dipole forbidden 7s 2S1/2−8s
2S1/2 transition
magic wavelengths are identified for the state insensitive
optical dipole trapping, which are useful for different ex-
perimental studies. Also, tune-out wavelengths of fran-
cium at which the ac polarizability of the ground state
becomes zero for the 7s− 7p, 7s− 8p and 7s− 9p tran-
sitions are presented.
2II. DYNAMIC POLARIZABILITIES
The formalism of the light shift calculations is simi-
lar to that reported in [49]. In brief, for an atom, the
ac-Stark shift or frequency dependent dynamic polariz-
ability of an atomic state with an angular momentum, J
is written as:
Ui(ω, q,mi, r) = −αi(ω, q,mi)I(r) (1)
where I(r) is the intensity of the laser, ω is the angular
frequency of the radiation, q is the polarization of light
and mi is the magnetic sub-state of the atomic level i.
The induced dynamic polarizability, αi can be calcu-
lated from the relation
αi(ω, q,mi) =
3pic2
h
∑
k,mk
Aki(2Jk + 1)
ω2ik(ω
2
ik − ω
2)
(
Ji 1 Jk
−mi q mk
)2
(2)
where the expression in the large parentheses is the
3J-symbol, Ji and Jk are the angular momenta of the
initial and final states and Aki is the transition rate of the
transitions with frequencies, ωik connected to the state
under investigation by electric dipole selection rules, c is
the speed of light and h is the Planck constant. q = 0 for
linear (pi) and q = ±1 for circular (σ±) polarization of
light. For calculations, dipole trap laser power, p = 1 W
and a beam waist, w = 50 µm is used. Further, we have
also checked our method for rubidium (Rb) atom and the
magic wavelengths reported in the literature agree with
our values [47].
For francium, the 7s 2S1/2 − 7p
2P1/2,3/2 transitions
are used for laser cooling and trapping. The 7s 2S1/2 −
8s 2S1/2 transition is of interest for atomic parity sym-
metry violation studies. The spectroscopic data for neu-
tral Fr atom such as energy levels, transitions and tran-
sition rates, hyperfine structure constants and isotopes
shifts of various Fr isotopes available from both experi-
mental and theoretical studies has been compiled by San-
sonetti [50]. For the calculation of ac-Stark shifts and the
corresponding identification of magic wavelengths and
tune-out wavelengths we have taken data of energy lev-
els and transition rates from Ref. [50]. Rich informa-
tion is available for 212Fr isotope in terms of energy lev-
els and transition rates. The calculations carried out
in the present work mainly make use of the 212Fr iso-
tope data. The energy levels (cm−1) and transition rates
(108 s−1) are given in Table. I. We have observed two
differences in Ref. [50]. The 8p 2P3/2 energy level value
given in Table 5 of [50] is higher by 0.004 cm−1 from Ta-
ble 4 (of [50]). In Table 4 of Ref. [50], for the 7p 2P3/2-
12s 2S1/2 transition the configuration term of 12s
2S1/2 is
given as 13s 2S1/2. Though experimental lifetimes of the
7d 2D3/2,5/2, 8p
2P1/2,3/2, 8s
2S1/2 and 9s
2S1/2 states
are available, they are not used in the present work as
there is no information of the branching ratios. For the
7p 2P1/2,3/2−8s
2S1/2 transitions there is no information
of the transition rates, hence not considered.
A. 7s 2S1/2 − 7p
2P3/2 transition
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FIG. 1. (Color online)A) Light shifts from 350 nm to 1000 nm
of the ground 7s 2S1/2 level (red solid line) formJ = 1/2 state
and the excited 7p 2P3/2 level (blue dashed line) for mJ = 3/2
state corresponding to the D2 line in francium are shown. B)
Light shifts of the ground 7s 2S1/2 level (mJ = 1/2, red solid
line) and the excited 7s 2P3/2 level (mJ = 3/2, blue dashed
line) between 545 and 546 nm range. Similar lines exist in the
540-580 nm range. The positions of the magic wavelengths are
denoted with slanted circles (black).
The ground state of the neutral Fr atom with the
configuration 7s 2S1/2 and the excited 7p
2P3/2 level
corresponds to the D2 transition at 718.185 nm (vac-
uum). The dynamic polarizabilities are calculated for
the 7s 2S1/2 level considering the np1/2,3/2 (n = 7− 20)
levels of all electric dipole allowed transitions. In Fig. 1
the red solid lines are the ac-Stark shift spectra of the
7s 2S1/2 (mJ = 1/2) state. Similarly, the dynamic po-
larizabilities of the excited 7p 2P3/2 level are calculated
considering the transitions connected from this level to
the ns1/2 (n = 9− 20) and nd3/2,5/2 (n = 7− 20) states.
The light shifts are shown in Fig. 1A as blue dashed
lines for the 7p 2P3/2 (mJ = 3/2) state as a function
of detuning of the perturbing laser for linear polariza-
tion of the light. For the 7s 2S1/2 level, the dominant
contribution to the polarizability is from the 7p 2P1/2,
37p 2P3/2, 8p
2P1/2, 8p
2P3/2 states and to some extent
9p 2P1/2 and 9p
2P3/2 levels. Contribution from higher
excited level transitions is negligible and are not shown
in Fig. 1A. Also, the availability of laser sources around
300 nm with sufficient power to implement a dipole trap
is less feasible. The identified magic wavelengths are de-
noted as slanted black circles.
Magic wavelengths in the ultraviolet (UV), visible
(VIS) and near infrared (NIR) region are identified. Two
magic wavelengths are identified for the 9p 2P1/2,3/2
states at 365.99 nm and 369.14 nm and two at 425.63 nm
and 435.26 nm corresponding to the 8p 2P1/2,3/2 states,
respectively. In the 500-600 nm wavelength region eigh-
teen (18) magic wavelengths are located (all the wave-
lengths are not marked in Fig. 1A. We have marked
only the wavelengths that are well separated for clar-
ity). Of them, two magic wavelengths between 545 nm
and 546 nm are shown in Fig. 1B, which are very close.
Similarly, four magic wavelengths in the red region, 600-
700 nm and five wavelengths in the near infrared re-
gion at 729.73 nm, 731.77 nm, 783.35 nm, 967.19 nm
and 1111.7 nm, respectively are identified. Lasers with
sufficient power to implement an optical dipole trap at
magic wavelengths in the 600-1000 nm region are avail-
able. Another advantage is that the red wavelengths cor-
respond to the blue detuning with respect to the reso-
nance frequency of the D2 transition of francium. The
wavelength at 783.35 nm is close to the tune-out wave-
length 782.96 nm (See Table IV). However, the photon
scattering rate is 2.7 s−1 for the considered dipole trap
parameters, which will limit the coherence time of the
trapped atoms. We have also checked magic wavelength
values using the transition rates from the experimental
lifetimes of the 7p 2P1/2,3/2 states. The observed dif-
ference is below 0.1 nm. In addition, we have also cal-
culated the light shifts for the circular (σ) polarization
of the laser light and designated the magic wavelengths.
All the magic wavelengths obtained for linear and circu-
lar polarizations of the dipole trapping laser are given in
Table II. The uncertainty of the identified magic wave-
lengths lies between 0.03 nm and 0.06 nm, which is from
the wavelengths of the transitions and in identification of
the position.
Light shifts are also calculated for the 7s 2S1/2 (mJ =
1/2) state and the 7p 2P3/2 (mJ = 1/2) state of the
7s 2S1/2 − 7p
2P3/2 transition. The obtained light shifts
for the linear polarization of the laser light are shown in
Fig. 2. The red solid line corresponds to the 7s 2S1/2
level, the blue dotted line corresponds to the 7p 2P3/2
level and magic wavelengths are marked with slanted
black circles. In total thirty six magic wavelengths are
identified between 360 nm and 1200 nm extending from
UV region to NIR infrared region: four magic wave-
lengths in 350-500 nm region corresponding to the 8p
and 9p levels; twenty in the range of 500-600 nm; six in
600-700 nm region; and six between 700-1200 nm. The
light shifts and magic wavelengths calculated for circu-
lar polarization of the dipole trapping laser are given in
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FIG. 2. (Color online) Light shifts of the 7s 2S1/2 (mJ = 1/2)
ground state (red solid line) and the 7p 2P3/2 (mJ = 1/2)
level (blue solid line) are shown for the linear polarization of
the dipole trapping laser. Between 440 nm and 510 nm there
are two magic wavelengths as the light shift of the p-level
crosses at two points. The position of the magic wavelengths
is marked with a slanted black circle.
Table II.
Another parameter that needs to be considered for op-
tical dipole trapping of atoms is the heating rate. The
photon scattering rate from the dipole trap laser light
gives rise to heating of the atoms and consequent loss
from the trap. We have estimated the photon scatter-
ing rates at different magic wavelengths. For example,
a dipole trap laser at 645 nm scatter photons at 1.5 s−1
and a laser at 1112 nm scatters about 0.15 s−1.
The operation of the dipole trap at magic wavelengths
minimizes all the systematic affects due to light shifts.
There has been a proposal for measuring an electron
EDM using cesium (Cs) atoms in optical lattices and the
advantage of using blue tuned dipole trap with linear po-
larization has been discussed [13]. In our experiment, we
plan to implement an optical dipole trap laser using the
linear polarization of light. A detailed evaluation of all
the systematics specific to Fr EDM experiment is beyond
the scope of this paper.
B. 7s 2S1/2 − 7p
2P1/2 transition
The 7s 2S1/2 − 7p
2P1/2 transition, also called the D1
line in francium has a vacuum wavelength of 817.166 nm.
It has been used as a repumping transition for laser cool-
ing and trapping of francium isotopes. Light shift cal-
culations for this transition are carried out considering
both linear and circular polarizations of the optical dipole
trapping laser. Shown in Fig. 3A are the light shifts of
the ground 7s 2S1/2 (mJ = 1/2) level (red solid line) and
the excited 7p 2P1/2 level for the mJ = 1/2 state (blue
dashed line) from 350 nm to 1000 nm. The polarizabili-
ties are calculated considering the nd3/2 (n = 7−11) and
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FIG. 3. (Color online) A) Light shifts of the ground 7s 2S1/2
(mJ = 1/2) state (red solid line) and the excited 7p
2P1/2
(mJ = 1/2) state (blue dotted line) corresponding to the
D1 transition of the francium atom for linearly polarized
light in the wavelength range 300-1000 nm. Of all the
magic wavelengths identified, wavelengths in the red region at
621.11 nm, 642.85 nm and near infrared region at 797.75 nm
and 871.62 nm are shown. B) The lights shifts of the 7s 2S1/2
level and the 7p 2P1/2 level for the 500-520 nm range are
shown for the linear polarization of the laser. Positions of the
ten magic wavelengths not shown in Fig. 3A are also indicated
with slanted circles (black).
ns1/2 (n = 9−20) states. In this transition, we have iden-
tified total thirty one (31) magic wavelengths spread from
ultraviolet to near infrared region for linear polarization
of the laser light. In the 350-500 nm region ten magic
wavelengths are identified. Sixteen magic wavelengths
in the 500-600 nm region are identified, which are given
in Table II. In the red wavelength region, 600-700 nm,
two magic wavelengths at 621.1 nm and 642.8 nm are
identified and are shown in Fig. 3A. In the near infrared
region, magic wavelengths at 745.40 nm, 797.75 nm and
871.62 nm are identified. In Fig. 3B, ten magic wave-
lengths that are very close and not shown in Fig. 3A
between 500 nm and 520 nm are presented. Similar cal-
culations for circular polarization of the laser light are
performed. A magic wavelength at 1116.2 nm is identi-
fied. The magic wavelengths for the mJ = −1/2 state
and the mJ = +1/2 state are also given in Table II.
C. 7s 2S1/2 − 8s
2S1/2 transition
The forbidden 7s 2S1/2 − 8s
2S1/2 transition in fran-
cium is of interest for atomic parity non-conservation
studies. Two photon spectroscopy and lifetime of the
8s 2S1/2 state has been reported [26, 32]. We have cal-
culated the magic wavelengths for the state insensitive
optical dipole trapping of laser cooled francium atoms.
To calculate the light shifts, for the 7s 2S1/2 level, we
have considered energy levels and transition rates of the
np 2P1/2,3/2 (n = 7 − 20) states and for the 8s
2S1/2
level np 2P1/2,3/2 (n = 11 − 20) states. The obtained
light shifts for the two levels are shown in Fig. 4 for the
linear polarization of the trapping laser. Three magic
wavelengths at 783.46 nm, 953.09 nm and 960.10 nm
in the near infrared region of 700-1000 nm are identi-
fied. In particular, the magic wavelength at 783.46 nm
for the linear polarization of the light is 0.5 nm above
the tune-out wavelength (see sec.III) of the ground state
for the 7s − 7p transitions. Similarly for circular polar-
ization of the trapping laser, five magic wavelengths for
right (and left) circularity of the laser light are identified.
The magic wavelengths at 953.09 nm (pi) and 954.01 nm
(σ) could be used as these wavelengths are about 450 nm
away from the two photon transition and tuning the laser
wavelength by 1 nm is possible. The photon scattering
rate is 0.3 s−1. One can also check for the influence of the
polarization of light. In Table III magic wavelengths for
both linear and circular polarization of light are given.
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FIG. 4. (Color online) Light shifts of the 7s 2S1/2 ground
state (red solid line) and the 8s 2S1/2 level (black dotted line)
for 350-1000 nm region are shown for the linear polarization
of light. The identified five magic wavelengths are marked
with slanted (black) circles.
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FIG. 5. (Color online) Tune-out wavelengths of the 212Fr
isotope for the 7s 2S1/2 ground state corresponding to the
7s 2S1/2−8p
2P1/2,3/2 and 7s
2S1/2−9p
2P1/2,3/2 transitions.
Tune-out wavelength of the 7s 2S1/2−7p
2P1/2,3/2 transitions
is not shown. The position of the tune-out wavelengths is
designated with black circles.
III. TUNE-OUT WAVELENGTHS
For an atomic state, tune-out wavelength is defined
as the wavelength for which frequency dependent po-
larizability become zero. The details of the concept
and advantages of tune-out wavelengths are discussed
in [51, 52]. Tune-out wavelengths were calculated for
stable alkali atoms [52]. Here we present the calculated
tune-wavelengths for the 7s − 7p, 7s − 8p and 7s − 9p
lines of 212Fr and the 7s − 7p transitions of 210Fr and
221Fr. The energy level values for the three isotopes are
taken from [50] and the transition rates are the same,
which are also taken from [50]. In Fig. 5 tune-out wave-
lengths of the 7s− 8p and 7s− 9p lines for 212Fr isotope
are shown and the values are given in Table IV. In ad-
dition, for the 7s − 7p line of the 210,212,221Fr isotopes
tune-out wavelengths are calculated from the lifetimes of
the 7p 2P1/2,3/2 levels and they are also given in Table IV.
The uncertainty is 0.03 nm for the tune-out wavelengths,
which is from the wavelengths of the transitions and in
identifying the position.
IV. CONCLUSION
In conclusion, we have calculated the light shifts of the
7s 2S1/2, 7p
2P1/2,3/2, and 8s
2S1/2 levels in francium,
which is being pursued for fundamental symmetry inves-
tigations using laser cooling and trapping methods. The
light shifts are calculated from the available data of en-
ergy levels and transition rates. The magic wavelengths
for the state insensitive optical dipole trapping of atoms
are identified for the D1 and D2 transitions of francium
from the light shifts. Magic wavelengths in the ultravio-
let, visible and near infrared region are identified corre-
sponding to both blue and red detuning of frequency with
respect to the laser cooling and trapping transitions. In
particular, magic wavelengths between 600-700 nm and
700-1000 nm are convenient for the implementation of
the optical dipole trap as lasers with sufficient power are
available in these wavelengths range. Also, magic wave-
lengths for the forbidden 7s 2S1/2−8s
2S1/2 transition are
obtained from the light shifts of the 7s 2S1/2 level and
the 8s 2S1/2 level. Furthermore, tune-out wavelengths
where the ground state ac-polarizability of the francium
atom vanishes is reported for three of the isotopes.
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7TABLE I. Lower level, upper level, wavenumbers (cm−1) and transition rates (108 s−1) in Fr. The number given in square
brackets is a power of 10. The wavenumbers and transition rates are taken from [50].
Lower level Upper level Wavenumber Transition rate Lower level Upper level Wavenumber Transition rate
7s 2S1/2 0 8s
2S1/2 19739.98
7p 2P1/2 12237.409 3.22[-1] 11p
2P1/2 30161.07 1.29[-3]
7p 2P3/2 13923.998 4.78[-1] 11p
2P3/2 30241.60 1.30[-3]
8p 2P1/2 23112.96 2.64[-2] 12p
2P1/2 30840.98 7.31[-4]
8p 2P3/2 23658.306 2.82[-2] 12p
2P3/2 30893.16 7.53[-4]
9p 2P1/2 27118.21 7.24[-3] 13p
2P1/2 31291.72 4.66[-4]
9p 2P3/2 27366.20 7.52[-3] 13p
2P3/2 31327.46 4.68[-4]
10p 2P1/2 29064.18 3.02[-3] 14p
2P1/2 31605.95 3.17[-4]
10p 2P3/2 29198.09 3.04[-3] 14p
2P3/2 31631.49 3.18[-4]
11p 2P1/2 30161.07 1.56[-3] 15p
2P1/2 31833.76 2.28[-4]
11p 2P3/2 30241.60 1.56[-3] 15p
2P3/2 31852.65 2.28[-4]
12p 2P1/2 30840.98 9.15[-4] 16p
2P1/2 32004.20 1.66[-4]
12p 2P3/2 30893.16 9.16[-4] 16p
2P3/2 32018.55 1.70[-4]
13p 2P1/2 31291.72 5.81[-4] 17p
2P1/2 32135.03 1.29[-4]
13p 2P3/2 31327.46 5.81[-4] 17p
2P3/2 32146.20 1.29[-4]
14p 2P1/2 31605.95 3.91[-4] 18p
2P1/2 32237.65 9.93[-5]
14p 2P3/2 31631.49 4.00[-4] 18p
2P3/2 32246.51 9.92[-5]
15p 2P1/2 31833.76 2.81[-4] 19p
2P1/2 32319.63 7.99[-5]
15p 2P3/2 31852.65 2.81[-4] 19p
2P3/2 32326.77 7.98[-5]
16p 2P1/2 32004.20 2.11[-4] 20p
2P1/2 32386.15 6.56[-5]
16p 2P3/2 32018.55 2.10[-4] 20p
2P3/2 32391.99 6.55[-5]
17p 2P1/2 32135.03 1.57[-4] 7p
2P3/2 13923.998
17p 2P3/2 32146.20 1.57[-4] 7d
2D3/2 24244.03 2.09[-2]
18p 2P1/2 32237.65 1.23[-4] 7d
2D5/2 24332.93 1.29[-1]
18p 2P3/2 32246.51 1.23[-4] 9s
2S1/2 25671.00 3.66[-2]
19p 2P1/2 32319.63 9.82[-5] 8d
2D3/2 27600.657 1.13[-2]
19p 2P3/2 32326.77 1.00[-4] 8d
2D5/2 27645.373 6.93[-2]
20p 2P1/2 32386.15 8.01[-5] 10s
2S1/2 28310.617 1.90[-2]
20p 2P3/2 32391.99 8.00[-5] 9d
2D3/2 29316.497 6.41[-3]
7p 2P1/2 12237.409 9d
2D5/2 29341.817 3.91[-2]
7d 2D3/2 24244.03 1.66[-1] 11s
2S1/2 29718.909 1.10[-2]
9s 2S1/2 25671.00 2.75[-2] 10d
2D3/2 30309.962 3.99[-3]
8d 2D3/2 27600.657 8.04[-2] 10d
2D5/2 30325.605 3.56[-2]
10s 2S1/2 28310.617 1.33[-2] 12s
2S1/2 30559.504 6.84[-3]
9d 2D3/2 29316.497 4.44[-2] 11d
2D3/2 30936.325 2.65[-3]
11s 2S1/2 29718.909 7.38[-3] 11d
2D5/2 30946.643 1.58[-2]
10d 2D3/2 30309.962 2.67[-2] 13s
2S1/2 31101.539 4.60[-3]
12s 2S1/2 30559.504 4.56[-3] 12d
2D3/2 31356.506 1.80[-3]
11d 2D3/2 30936.325 1.76[-2] 12d
2D5/2 31363.655 1.09[-2]
13s 2S1/2 31101.539 3.05[-3] 14s
2S1/2 31471.465 3.25[-3]
12d 2D3/2 31356.506 1.19[-2] 13d
2D3/2 31652.000 1.32[-3]
14s 2S1/2 31471.465 2.14[-3] 13d
2D5/2 31657.155 2.35[-2]
13d 2D3/2 31652.000 8.48[-3] 15s
2S1/2 31735.182 2.37[-3]
15s 2S1/2 31735.182 1.56[-3] 14d
2D3/2 31867.682 9.77[-4]
14d 2D3/2 31867.682 6.28[-3] 14d
2D5/2 31871.514 1.74[-2]
16s 2S1/2 31929.789 1.15[-3] 16s
2S1/2 31929.789 1.75[-3]
15d 2D3/2 32029.909 4.84[-3] 15d
2D3/2 32029.909 7.37[-4]
17s 2S1/2 32077.492 8.88[-4] 15d
2D5/2 32032.821 4.48[-3]
16d 2D3/2 32154.979 3.81[-3] 17s
2S1/2 32077.492 1.35[-3]
18s 2S1/2 32192.251 6.97[-4] 16d
2D3/2 32154.979 5.80[-4]
17d 2D3/2 32253.449 2.98[-3] 16d
2D5/2 32157.274 3.45[-3]
19s 2S1/2 32283.180 5.59[-4] 18s
2S1/2 32192.251 1.06[-3]
18d 2D3/2 32332.354 2.39[-3] 17d
2D3/2 32253.449 4.55[-4]
20s 2S1/2 32356.444 4.57[-4] 17d
2D5/2 32255.275 2.77[-3]
19d 2D3/2 32396.552 2.00[-3] 19s
2S1/2 32283.180 8.73[-4]
20d 2D3/2 32449.483 1.67[-3] 18d
2D3/2 32332.354 3.73[-4]
18d 2D5/2 32333.827 6.66[-3]
20s 2S1/2 32356.444 6.99[-4]
19d 2D3/2 32396.552 3.13[-4]
19d 2D5/2 32397.761 1.86[-3]
20d 2D3/2 32449.483 2.62[-4]
20d 2D5/2 32450.488 1.55[-3]
8TABLE II. Magic wavelengths (vacuum) of francium atom for 7s 2S1/2 − 7p
2P1/2,3/2 transitions. Wavelengths are given for
both linear and circular polarization of the mJ = 1/2 and mJ = 3/2 states.
Transition Wavelength (nm) Transition Wavelength (nm)
mJ = 1/2 mJ = 1/2 mJ = 3/2
7s 2S1/2-7p
2P1/2 ∆mJ = 0 |∆mJ | = 1 7s
2S1/2-7p
2P3/2 ∆mJ = 0 |∆mJ | = 1 ∆mJ = 0 |∆mJ | = 1
366.21 367.58 366.20 366.55 365.99 368.10
369.39 466.17 369.35 429.19 369.14 442.61
426.67 495.07 426.51 537.36 425.63 508.44
437.74 496.54 437.15 540.35 435.26 540.03
489.34 498.30 533.63 541.88 538.94 541.62
495.19 500.54 540.16 544.97 540.68 544.54
496.65 503.42 541.70 547.56 541.34 546.68
497.12 507.17 542.56 550.87 542.20 549.70
498.47 512.23 544.48 554.38 543.23 553.34
498.95 519.35 544.96 561.49 545.10 560.55
500.71 529.85 545.56 572.22 545.56 571.53
501.27 546.64 546.95 585.51 547.85 584.10
503.61 576.10 547.66 587.77 548.50 603.36
504.27 640.25 550.10 605.99 551.33 643.62
507.43 1116.2 551.13 645.60 552.29 730.64
508.16 553.78 649.57 555.04
512.41 555.51 729.76 561.93
513.46 560.74 731.43 564.08
519.39 561.82 1395.3 572.39
520.87 569.61 573.60
529.47 572.13 585.86
531.76 573.63 587.75
545.08 581.67 606.66
549.04 585.36 610.20
571.12 600.33 645.95
579.16 605.64 649.51
621.11 632.38 729.73
642.85 645.11 731.77
745.36 649.65 783.35
797.75 694.67 967.19
871.62 730.51 1111.7
731.32
784.62
853.93
968.83
1266.3
9TABLE III. Magic wavelengths for the 7s 2S1/2 − 8s
2S1/2
transition in francium atom. Wavelengths (vacuum) are given
for both linear and circular polarization of light.
Transition Wavelength (nm)
7s 2S1/2-8s
2S1/2 ∆mJ = 0
365.78
368.97
424.51
433.89
783.47
953.09
960.15
|∆mJ | = 1
365.95
424.54
841.08
897.22
954.01
TABLE IV. Tune-out vacuum wavelengths for the 7s − 7p,
7s− 8p and 7s − 9p doublet lines of three francium isotopes.
The wavelength values with an asterik(*) are from the exper-
imental lifetimes of the 7p 2P1/2,3/2 states.
Isotope Transitions Wavelength (nm)
210Fr 7s 2S1/2-7p
2P1/2,3/2 782.87, 781.56
∗
212Fr 7s 2S1/2-7p
2P1/2,3/2 782.96, 781.65
∗
7s 2S1/2-8p
2P1/2,3/2 424.49
7s 2S1/2-8p
2P1/2 433.87
7s 2S1/2-9p
2P1/2,3/2 365.76
7s 2S1/2-9p
2P1/2 368.96
221Fr 7s 2S1/2-7p
2P1/2,3/2 782.94, 781.63
∗
